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GRQRWDSSHDUWRDOLJQZLWKWKHFXUUHQWEHVWSUDFWLFH7KHPHWKRGLVQRZDFFHSWHGLQPRUHFRXQWULHVDQGLVFRYHUHG
LQWKHODWHVW(1DQG,62VWDQGDUGV>@DORQJZLWKLQWKH$60(FRGHFDVH>@EXWQRWUHDGLO\LQ&KLQD
3UHVVXUHYHVVHOV DUHRIWHQ VXEMHFWHG WR UHSHDWHG VWUHVVHVGXULQJ VWDUWXSVDQGVKXWGRZQVRUGXULQJYDULDWLRQV LQ
RSHUDWLQJFRQGLWLRQV+RZHYHURQO\DOLPLWHGDPRXQWRILQIRUPDWLRQSHUWDLQLQJWRWKHLQIOXHQFHRIFROGVWUHWFKLQJ
RQORZF\FOHIDWLJXH/&)EHKDYLRURIDXVWHQLWLFVWDLQOHVVVWHHOVLVDYDLODEOH
'HWDLOHGLQYHVWLJDWLRQVKDYHEHHQSHUIRUPHGLQWKHSUHVHQWVWXG\WRFKDUDFWHUL]HWKHHIIHFWVRIFROGVWUHWFKLQJRQ
F\FOLFVWUHVVVWUDLQEHKDYLRUDQG WKH/&) OLIHRIDXVWHQLWLFVWDLQOHVVVWHHODWć$QHZIDWLJXH OLIHSUHGLFWLRQ
PRGHOFRXSOHGZLWKWKHGHJUHHVRIFROGVWUHWFKLQJKDVEHHQGHYHORSHG
([SHULPHQWDOGHWDLOV
2.1. Materials 
7KH PDWHULDO FKRVHQ IRU WKH LQYHVWLJDWLRQV ZDV D &KLQHVH LQGXVWULDOO\ PDQXIDFWXUHG W\SH 6 DOPRVW
HTXLYDOHQWWR$,6,/VWDLQOHVVVWHHORIFKHPLFDOFRPSRVLWLRQZHLJKWSHUFHQW&U1L&
6L0Q360R1DQGEDODQFHG)H%DUVPPLQOHQJWKDQGPPLQGLDPHWHU
ZHUHPDFKLQHGIURPVWHHOSODWHZLWKWKHLUORQJLWXGLQDOD[LVSDUDOOHOWRWKHSODWH
VUROOLQJGLUHFWLRQ7KHVHURGVZHUH
JLYHQ D VROXWLRQ DQQHDOLQJ WUHDWPHQW DW ć IRUKDOI DQKRXU6RPHRI WKHVH VROXWLRQDQQHDOHG 6$ VDPSOHV
ZHUH VXEMHFWHG WR  WR  SHUFHQW FROG VWUHWFKLQJ DQG VWUDLQV ZHUH PHDVXUHG ZLWK DQ H[WHQVRPHWHU FDSDEOH RI
PHDVXULQJRIWKHHQJLQHHULQJVWUDLQ7KHPDMRULW\RIFXUUHQWVWDQGDUGVKDYHOLPLWHGVWUHWFKLQJWRSFWZKLFK
DYRLGV VLJQLILFDQW SKDVH WUDQVIRUPDWLRQ WRPDUWHQVLWH IURP GHIRUPDWLRQ DQG HQVXUHV DGHTXDWH SURSHUWLHV VXFK DV
JRRGGXFWLOLW\JHQHUDODQGLQWHUJUDQXODUFRUURVLRQUHVLVWDQFHDQGORZWHPSHUDWXUHWRXJKQHVV


)LJ*HRPHWU\RIVSHFLPHQ


)LJ)DWLJXHWHVWLQJDSSDUDWXVDWKLJKWHPSHUDWXUH
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2.2. Low cycle fatigue testing 
&\OLQGULFDOULGJHW\SHVSHFLPHQVZLWKDJDXJHGLDPHWHURIPPDQGDJDXJHOHQJWKRIPPZHUHPDFKLQHG
IURPWKH6$DQG&6URGV)LJ7KH/&)WHVWVZHUHSHUIRUPHGLQDLUXQGHUDWRWDOVWUHVVFRQWUROZLWKDQDFFXUDF\
RIć0HDQZKLOHWKHWHPSHUDWXUHRQWKHJDXJHOHQJWKZDVGHWHFWHGE\DWKHUPRFRXSOHZKLFKZDVZHOGHGLQWKH
PLGGOHSDUWRIWKHVSHFLPHQ)LJ7HVWVZHUHFRQGXFWHGDWćDQGDVLQHZDYHIRUPZDVXVHGDWDFRQVWDQW
IUHTXHQF\ RI  +] 'LIIHUHQW VWUHVV DPSOLWXGHV VD IRU ERWK 6$ DQG &6 PDWHULDOV ZHUH UHDOL]HG E\ IL[LQJ WKH
PD[LPXPVWUHVVVPD[DQGFKDQJLQJWKHPLQLPXPVWUHVVVPLQ+HUHWKHVPD[ZDVIL[HGDW03DDQGWKHVPLQ
FKDQJHGIURP±WR03DZLWKWKHLQFUHPHQWVRI03D
5HVXOWVDQGGLVFXVVLRQ
3.1. Yield strength 
&HUWDLQ LQWHUQDOVWUHVVZLOOEHIRUPHGDIWHUSODVWLFGHIRUPDWLRQE\FROGVWUHWFKLQJZKLFKPD\ WKHQGHFUHDVHRU
HYHQGLVDSSHDUZKHQ WKHDPELHQW WHPSHUDWXUHULVHV WRDFHUWDLQH[WHQWZKLFK LVNQRZQDVVWUHQJWKUHFRYHU\,Q
VXFKFDVHVWKHHIIHFWRIFROGVWUHWFKLQJZLOOEHODUJHO\ZHDNHQHGDQGLWLVKDUPIXOWRUHOLDEOHRSHUDWLRQIRUSUHVVXUH
YHVVHOV7KHH[SHULPHQWDOUHVXOWV)LJVKRZWKDWWKH\LHOGVWUHQJWKRI&6VWHHOLVDOZD\VKLJKHUWKDQ6$VWHHOQR
PDWWHUDWURRPWHPSHUDWXUHRUDWć7KXVWKHVWUHQJWKUHFRYHU\GRHVQRWVLJQLILFDQW,WLVGHPRQVWUDWHGWKDW
WKH HIIHFW RI FROG VWUHWFKLQJ DW ć FDQ EHZHOOPDLQWDLQHGZKLFK SURYLGHV DVVXUDQFH IRU VXEVHTXHQW IDWLJXH
WHVWLQJ
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3.2. Cyclic mechanical response 
7ZRW\SLFDOW\SHVRIF\FOLFVWUHVVUHVSRQVHFXUYHVGLVSOD\HGE\WKH6$DQG&6SFWFRQGLWLRQVXQGHUGLIIHUHQW
ORDGLQJ OHYHOVDWćDUH LOOXVWUDWHG LQ)LJVD WR G UHVSHFWLYHO\7KHVWUDLQDPSOLWXGHRIERWK6$DQG&6
PDWHULDOV JUDGXDOO\ GHFUHDVHV ZLWK WKH GHYHORSPHQW RI F\FOLF GHIRUPDWLRQ F\FOLF KDUGHQLQJ XQWLO LW LQFUHDVHV
UDSLGO\GXHWRWKHIRUPDWLRQRIPDFURFUDFNV,QDOOFDVHVWKHVWUDLQDPSOLWXGHLVVPDOOHULQ&6FRQGLWLRQVFRPSDUHG
WRWKDWLQ6$PDWHULDOV7KHVPDOOHUVWUDLQDPSOLWXGHLQGLFDWHVWKDWOHVVSODVWLFVWUDLQHQHUJ\LVDEVRUEHGSHUF\FOH
ZKLFKSUREDEO\PHDQVDORQJHUIDWLJXHOLIH
*HQHUDOO\ D F\FOLF PHFKDQLFDO UHVSRQVH LV LQGXFHG E\ WKH FRPSHWLWLRQ PHFKDQLVP RI GLVORFDWLRQ &\FOLF
KDUGHQLQJRFFXUVZKHQWKHJHQHUDWLRQUDWHRIGLVORFDWLRQLVJUHDWHUWKDQWKHDQQLKLODWLRQUDWHFDXVLQJDQHWGHFUHDVH
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LQ WKH GLVORFDWLRQGHQVLW\ > @7KHUHIRUH WKH VPDOOHU VWUDLQ DPSOLWXGH RI&6PDWHULDOV FDQEH DWWULEXWHG WR WKH
FXPXODWLYHHIIHFWVRIGLVORFDWLRQJHQHUDWLRQZKLFKLVLQGXFHGE\SODVWLFGHIRUPDWLRQFROGVWUHWFKLQJ
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3.3. Influence of cold stretching on fatigue life 
7KHIDWLJXHOLIHRI&6SFWDWćLVFRPSDUHGZLWKWKH6$PDWHULDOLQ7DEOH)URPWKHWDEOHLWLVFOHDU
WKDWWKHSFW&6PDWHULDOH[KLELWVDSURQRXQFHGORQJHUIDWLJXHOLIHNIWKDQWKH6$PDWHULDOXQGHUWKHVDPHF\FOLF
VWUHVVFRQGLWLRQVZLWKDPD[LPXPOLIHLQFUHDVHRI
7DEOH)DWLJXHOLIHRIWKH6$DQG&6SFWVWDLQOHVVVWHHOV
VPD[
03D
VPLQ
03D
NIF\F
K
6$ &6

±   
   
   
   

)DWLJXHOLIHLVJHQHUDOO\JRYHUQHGE\GXFWLOLW\DQGVWUHQJWK7KHGXFWLOLW\RIWKH&6PDWHULDOLVFOHDUO\OHVVWKDQ
WKH6$PDWHULDOLQURRPWHPSHUDWXUHEHFDXVHRIFROGVWUHWFKLQJ+RZHYHUWKH\LHOGVWUHQJWKLVOHVVWKDQ03D
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PD[LPXPVWUHVVGXULQJF\FOLFORDGLQJIRUERWKWKH&6DQG6$PDWHULDOVDWć)LJ7KHUHIRUHODUJHSODVWLF
GHIRUPDWLRQRFFXUVDWWKHLQLWLDOVWDJHZKLOHWKH\LHOGVWUHQJWKRIWKH&6DQG6$PDWHULDOVLVXSWR03D)RUWKLV
UHDVRQ WKH UHVLGXDO WRWDO GXFWLOLW\ RI WKH VWDLQOHVV VWHHO LQ&6DQG6$FRQGLWLRQV LV WKH VDPH2EYLRXVO\ VPDOOHU
DPRXQWVRISODVWLFVWUDLQLQWKH&6PDWHULDOWKDQLQWKH6$PDWHULDOXQGHUDOOF\FOLFORDGVOHDGVWRDQLPSURYHPHQWLQ
IDWLJXHOLIH
2Q WKH RWKHU KDQG LW LV SRVVLEOH WR IRUP DPHWDVWDEOH SKDVH GXULQJ SODVWLF GHIRUPDWLRQ LQ DXVWHQLWLF VWDLQOHVV
VWHHOV NQRZQ DV VWUDLQLQGXFHGDƍPDUWHQVLWH 7KH PHFKDQLFDO SURSHUWLHV RIDƍPDUWHQVLWH LV DW D UHODWLYHO\ KLJK
VWUHQJWK EXW SRRU GXFWLOLW\ ZKLFK LV KDUPIXO WR IDWLJXH OLIH $GGLWLRQDOO\ WKH VWUXFWXUH RIDƍPDUWHQVLWH IFF LV
GLIIHUHQWIURPDXVWHQLWHEFFWKXVLWFDQEHGHWHFWHGE\;UD\'LIIUDFWLRQ;5'7KH;5'UHVXOWVIRUERWK6$DQG
&6DXVWHQLWLFVWDLQOHVVVWHHODUHVKRZQLQ)LJEXWRQO\WKHVLQJOHDXVWHQLWHJSKDVHFDQEHIRXQGLQ6$DQG&6
PDWHULDOVEXWQRDƍPDUWHQVLWHZKLFKGHPRQVWUDWHV WKDW6VWDLQOHVVVWHHOH[KLELWV UHODWLYHO\VWDEOHSURSHUWLHV
DQGOLWWOHPDUWHQVLWHZLOOEHIRUPHGGXULQJDVPDOODPRXQWRISODVWLFGHIRUPDWLRQ
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